Reduced amplitude and distorted dispersion of seismic waves caused by attenuation, especially strong attenuation, always degrades the resolution of migrated images. To improve image resolution, we evaluated a methodology of compensating for attenuation (∼1∕Q) effects in reverse-time migration (Q-RTM). The Q-RTM approach worked by mitigating the amplitude attenuation and phase dispersion effects in source and receiver wavefields. Source and receiver wavefields were extrapolated using a previously published time-domain viscoacoustic wave equation that offered separated amplitude attenuation and phase dispersion operators. In our Q-RTM implementation, therefore, attenuation-and dispersion-compensated operators were constructed by reversing the sign of attenuation operator and leaving the sign of dispersion operator unchanged, respectively. Further, we designed a low-pass filter for attenuation and dispersion operators to stabilize the compensating procedure. Finally, we tested the Q-RTM approach on a simple layer model and the more realistic BP gas chimney model. Numerical results demonstrated that the Q-RTM approach produced higher resolution images with improved amplitude and phase compared to the noncompensated RTM, particularly beneath high-attenuation zones.
INTRODUCTION
Anelastic properties of the subsurface media cause amplitude loss and phase distortion of seismic waves, especially high-attenuation areas such as the gas chimneys that are observed over several oil and gas fields (e.g., North Sea chalk fields). In migrating such data sets, we usually obtain poor seismic images of the structure within and below such high-attenuation gas-filled reservoirs (e.g., Zhou et al., 2011) . To improve the resolution of the migrated image, we must correct for these attenuation effects.
Early attempts to mitigate these attenuation effects applied inverse Q filtering to seismic trace data (e.g., Bickel and Natarajan, 1985; Hargreaves and Calvert, 1991; Wang, 2002) . However, these methods based on 1D wave back-propagation are limited to 1D Q models and cannot correctly handle real geological complexity. Because anelastic attenuation and phase dispersion effects on wavefields occur during the wave propagation, it is more accurate and physically more consistent to mitigate these effects in a waveequation-based prestack depth migration.
Over the past two decades, there have been many prestack depth migration studies using one-way frequency-domain wave equation to compensate for attenuation and dispersion effects for the downgoing and upgoing waves (Dai and West, 1994; Mittet et al., 1995; Yu et al., 2002; Zhang and Wapenaar, 2002; Mittet, 2007; Zhang et al., 2013) . These depth migration schemes commonly express attenuation as an imaginary part of a complex phase velocity. Thus, these approaches usually are flexible for implementing arbitrary attenuation models.
Although reverse-time migration (RTM) is considered as a preferable technique for complex geological structures (Etgen et al., 2009) , less attention has been paid to compensating for attenuation effects in RTM for two main reasons. First, the attenuation model of the target areas is usually not available from conventional seismic processing. Nevertheless because of the importance of attenuation, we have been witnessing a significant progress of attenuation tomography from the prestack data (Clark et al., 2009; Cavalca et al., 2011; Reine et al., 2012) and the migrated data (Xin and Hung, 2009; He and Cai, 2012) . Second, a suitable time-domain viscoacoustic wave equation for Q-compensated RTM (Q-RTM) was not available. The previous Q-RTM studies mainly used time-domain anelastic wave equations based on the simple viscous model (Causse and Ursin, 2000) and the standard linear solid model (Dengphase problem, Zhang et al. (2010) propose a viscoacoustic wave equation for compensating for amplitude attenuation and phase dispersion effects in RTM. Their equation is based on the constant-Q model; i.e., the attenuation coefficient is considered to be approximately linear with frequency (Kjartansson, 1979) . Their equation also has decoupled amplitude attenuation and phase dispersion effects explicitly; thus, in principle, they can compensate for amplitude attenuation and phase dispersion in the source and receiver wavefields in RTM. However, their justification for introducing an ad hoc normalized exponential operator to implement attenuation compensation and the regularization processing is unclear (Zhang et al., 2010) .
In our earlier papers (Zhu and Carcione, 2014; Zhu and Harris, 2014) , we derive a novel time-domain viscoacoustic wave equation for attenuating media. This equation describes the wave propagation with the behavior of approximate constant-Q attenuation and dispersion. More importantly, attenuation and dispersion operators can be separated in this equation thus allowing us to mitigate amplitude attenuation and phase dispersion effects by reversing the sign of its amplitude loss operator and leaving the sign of dispersion operator unchanged (Zhu, 2014) .
Using this viscoacoustic wave equation, this paper aims to develop a methodology of Q-RTM that is able to mitigate amplitude attenuation and phase dispersion effects in the migrated images. We demonstrate that Q-RTM compensates for amplitude attenuation and phase dispersion in the source and receiver wavefields when using the zero-lag crosscorrelation imaging condition. This is analogous to having one-way compensation operators that are designed for upgoing (receiver) and downgoing (source) waves to mitigate the amplitude loss from source to receiver (Mittet et al., 1995) . To extrapolate source and receiver wavefields with attenuation and dispersion compensation, we need to reverse the sign of its attenuation operator in this two-way wave equation. To avoid amplifying the high-frequency noise during extrapolation, we use a low-pass filter for the attenuation and dispersion operators in the wavenumber domain. With compensated source and receiver wavefields, the resulting Q-RTM images obtained by using the zero-lag crosscorrelation imaging condition are theoretically immune to attenuation and dispersion effects. This paper is organized as follows: We first describe the conceptual principle of Q-RTM. Next, we introduce formulations of the nearly constant-Q viscoacoustic wave equation for extrapolating the source and receiver wavefields in attenuating media. We also discuss the effects of low-pass frequency filter on numerical attenuation and dispersion behavior. Following that, we present the numerical implementation of Q-RTM. Finally, we demonstrate the Q-RTM approach using two synthetic examples.
METHODOLOGY IN ATTENUATING MEDIA Principle of Q-RTM
RTM is a three-step procedure of (1) forwardpropagation of a wavefield from the source through an appropriate earth model (the source wavefield Sðx; tÞ), where x ¼ ðx; y; zÞ is the spatial vector; (2) back-propagation of the measured data at the receiver location x r ¼ ðx r ; y r ; z r Þ through the same model (the receiver wavefield Rðx; tÞ); and (3) applying a suitable imaging condition, for example, the zero-lag crosscorrelation imaging condition (Claerbout, 1971) :
where Sðx; tÞ and Rðx; tÞ are the forwardpropagated source wavefield and backwardpropagated receiver wavefields at time t in a nonattenuating medium, and T is the time length of the data. Apparently, with this imaging condition, the relative magnitude of the reflectors in image IðxÞ is determined by the amplitudes of the source and receiver wavefields in equation 1. In attenuating media, seismic waves are attenuated in the subsurface as sketched in Figure 1b . To illustrate the effects of attenuation in a layered model, we assume that the amplitude is decreased by the exponential rate e −αL , where α is the attenuation coefficient and L is the propagation distance. The waves from the source propagate to reflectors and then reflect back to receivers. The amplitude of waves along the
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igure 1. Schematic of forward modeling (a) and RTM extrapolation (c) in a nonattenuating medium, and forward modeling (b) and RTM extrapolation (d) in an attenuating medium. The wavefieldRðx; tÞ will be attenuated by e −αL U e −αL D compared to the reference wavefield Rðx; tÞ in the acoustic case. After RTM extrapolation with attenuation compensation, the source wavefield at the reflector point x R will be S C ðx; tÞ ¼ Sðx; tÞe þαL D and the receiver wavefield R C ðx; tÞ ¼Rðx; tÞe þαL U . 
Intuitively, to completely compensate for the amplitude loss in the wavefield at the receivers, the measured receiver wavefield should be corrected by the gain factor e þαL D e þαL U . For the RTM algorithm, we design compensation operators for the source and receiver wavefields; i.e., we apply compensation e þαL D for extrapolating the source wavefield from source to reflector and compensation e þαL U for extrapolating the receiver wavefield from receiver to reflector, as shown in Figure 1d . This approach was introduced by Mittet et al. (1995) who design one-way compensation extrapolators for upgoing and downgoing waves to address the complete amplitude loss from source to receiver.
During the source-wavefield extrapolation through suitable geophysical models, we recover the amplitude loss that would occur during the propagation from source to reflector in the original model. Thus, along the wavepath where the attenuation effects accumulate, the source wavefield amplitude Sðx; tÞ will be corrected to S C ðx; tÞ after propagating the distance L D as shown in Figure 1b :
During reverse-time receiver wavefield extrapolation, we need to compensate for the amplitude loss that occurred during the original upward propagation from the reflector to the receivers in Figure 1b . The amplitude is compensated by e þαL U . The receiver wavefield amplitudeRðx; tÞ at grid point of the reflector is corrected to R C ðx; tÞ at each time step using R C ðx; tÞ ¼Rðx; tÞe þαL U .
With the compensated source wavefield S C ðx; tÞ and the compensated receiver wavefield R C ðx; tÞ, we apply the imaging condition at each image point to update the reflectivity:
Substituting equation 3, the compensated source wavefield, and equation 4, the compensated receiver wavefield, into equation 5, the imaging condition because of the time-independent e þαL U and e þαL U , we obtain the corrected imaging condition
where the compensated image I C ðxÞ from the zero-lag crosscorrelation imaging condition is theoretically equivalent to IðxÞ of the acoustic RTM in equation 1. In other words, the amplitude loss along the wavepath from source to receiver can be fully recovered. Accordingly, in the imaging position, the image has the same approximate frequency content and energy as that in the completely nonattenuating case.
A viscoacoustic wave equation for extrapolating wavefields
In this section, we briefly introduce the viscoacoustic wave equation to extrapolate source and receiver wavefields in attenuating media.
In seismic applications, attenuation (proportional to 1∕Q) is considered to be approximately linear with frequency in many observational frequency bands (McDonal et al., 1958; Kjartansson, 1979) ; i.e., Q is constant over these frequency ranges, say constant-Q. Kjartansson (1979) derive the dispersive phase velocity and attenuation relation for the constant-Q model as follows:
where the reference velocity c 0 is given at a particular reference frequency ω 0 . The parameter γ ¼ 1∕π tan −1 ð1∕QÞ is dimensionless and 0 < γ < 0.5 for any positive Q. The phase dispersion and attenuation with frequency is shown in Figure 2 . We choose the phase velocity c p ¼ 2164 m∕s at the reference frequency ω 0 ¼ 2πf 0 (f 0 ¼ 100 Hz) and Q ¼ 32, so γ ¼ 0.0099. We clearly see that the attenuation coefficient α is almost linear with frequency ( Figure 2b ) while the corresponding phase velocity increases with frequency ( Figure 2a ). Based on this constant-Q dispersion relation, Zhu and Harris (2014) derive a time-domain viscoacoustic wave equation that maintains the approximate constant-Q attenuation and dispersion behaviors during the wave propagation. To implement this twoway wave equation for RTM, we give a unified formulation of the viscoacoustic wave equation for the forward and backward extrapolation, as follows: The positive sign of the loss-dominated operator (β 2 ¼ 1) represents the decay of amplitude in extrapolating source propagation. On the other hand, to back-propagate the receiver wavefield in time-reversed order, the time t is mathematically replaced by −t. The sign of the first time derivative attenuation term (β 2 ¼ −1) will be reversed, and thus, it amplifies the amplitude. To counteract the dispersion effects, we keep the sign of dispersion operator unchanged (β 1 ¼ 1). The physical reason is that in extrapolating the source, the propagation of higher frequencies must have traveled to the receivers faster than the lower frequencies. When the receiver wavefield back-propagates in reversed time, high frequencies will again need to travel faster than the lower frequencies to arrive simultaneously at the reflectors.
From the above analysis, we can see that the compensation procedure is completed by reversing the sign of the attenuation operator; i.e., β 1 ¼ 1 and β 2 ¼ −1. Accordingly, equation 9 becomes . Row (a) shows no information about the reflector because the source and receiver wavefields have not yet encountered the reflector. In row (b), the reflector is illuminated as the source and receiver wavefield pass over the reflector. In row (c), the wavefront in the source wavefield is traveling through reflector. The imaging processing is to complete illumination of the reflector. The amplitude of wavefield at each panel is ideal. 
We will use equation 10 for extrapolating the source and receiver wavefields, correcting for attenuation and dispersion. Note that for back-propagation of the receiver wavefield the time-reversed data will be input as boundary conditions, thus, β 1 ¼ 1 is automatically reversed in sign. If we want to compensate for loss only (mostly) and ignore the dispersion effects, we can set ∂t (by setting γ ¼ 0 in the second term) and β 2 ¼ −1, so the loss-dominated wave equation for back-propagation with attenuation compensation will be
Similarly, the wave equation that contains the dispersion effects (by setting γ ¼ 0 in the third term) will be 1 c 2 0
Compared to one-way compensation operators (Mittet et al., 1995; Zhang and Wapenaar, 2002) and attenuated-traveltime-based compensation operators (Fletcher et al., 2012) , the two-way waveequation-based operators are more flexible for attenuation and dispersion compensation (See Appendix A) and can also handle complex structure.
The only remaining concern when compensating for attenuation during extrapolating wavefields is the possible amplification of unwanted frequencies in data because the recorded data are often contaminated with high-frequency noise. To prevent high-frequency noise from growing exponentially, we design a low-pass filter for the attenuation and dispersion operators in equation 10 in the wavenumber domain. The cutoff wavenumber is calculated by the cutoff frequency over the maximum velocity of the simulated model. A suitable filter cutoff frequency is estimated by identifying a value based on the noise level of spectrum of the observed data.
To show how the filter affects the attenuation and dispersion curves, we consider the 1D wave propagation problem in a homogeneous attenuating medium. The Tukey window shaped filter has a taper ratio of 0.5 and a cutoff frequency 250 Hz. Two receivers are placed at 20 m and 100 m from the source. The attenuation and dispersion values are calculated using signals recorded at the two receivers (Zhu and Harris, 2014) . Figure 2a and 2b plots the calculated attenuation and dispersion curves as asterisks. They agree with the theoretical curves of Kjartansson's constant-Q model within the filter passband. Outside the filter passband, we can see that the attenuation coefficients tend to be zeros while the phase velocity is close to the reference value. As a result, this low-pass filter prevents unwanted frequency content from growing in magnitude. Figure 4 . The receiver wavefield manifests the amplitude loss of data during forward-propagation; thus, the image is much weaker than the corresponding reference images. We apply the same scale to the corresponding wavefield as in the reference images.
Implementation of Q-RTM
The complete procedure of Q-RTM in attenuating media is the same as that for the conventional RTM. There are three steps, as follows. 
2) Backward extrapolating the receiver wavefield: To backpropagate the receiver wavefield in attenuating media, we flip the recorded data Rðx r ; tÞ at the receivers in time and then enforce the original receiver positions as a boundary condition. Subsequently, we solve equation 10 to extrapolate the receiver wavefield. For a source emitting at receiver position x r ¼ ðx r ; y r ; z r Þ, pðx r ; tÞ ¼ Rðx r ; T − tÞ:
3) Applying the imaging condition: The last step is to apply zerolag crosscorrelation of the source wavefield and the receiver wavefield using equation 5 to retrieve the image of subsurface structure.
SYNTHETIC EXAMPLES
In this section, we first validate the proposed Q-RTM approach using a simple model and then test this approach using a heterogeneous model.
In the first example, we choose a simple two-layer model for testing. Figure 3 shows the velocity and Q models. The constant density is 2.2 g∕cm 3 . The size of the model is a 100 × 200 grid, with a grid spacing of dx ¼ dz ¼ 10 m. A 200 m perfectly matched layer (PML) boundary is included at the edges of the model to reduce edge reflections. We place 20 sources at a depth of 50 m. The source is a Ricker wavelet with a center frequency of 25 Hz and onset time t 0 ¼ 0.04 s. The time step is 1 ms. The shot interval is 100 m, whereas the receiver spacing is 10 m, with a total of 198 receivers located at a depth of 50 m. The velocity model and Q model are first smoothed and then input for RTM.
To illustrate how Q-RTM counteracts the amplitude loss for the source and receiver wavefields and therefore the final migrated Figure 6 . Snapshots of the source wavefield (left column), the receiver wavefield (center column), and the crosscorrelated image (right column) at 0.1, 0.2, and 0.3 s. The viscoacoustic data are extrapolated for the receiver wavefield, but we compensate for the amplitude loss during extrapolating. Similarly, we compensate for the amplitude loss from source to reflectors as shown in section I. A single point source is located at (x ¼ 1000 m and z ¼ 50 m). The amplitude of the source wavefield is amplified as waves propagate forward, which yields a stronger reflector than the corresponding ones in Figures 4 and 5 . On the other hand, the receiver wavefield is weaker than in the reference image, indicating incomplete compensation. The receiver wavefield at later time (a) is close to the reference one in Figure 4a because it travels longer with more compensation than that in (b) and (c). Interestingly, the images have amplitudes comparable to the corresponding reference images. We apply the same scale to the corresponding wavefield as in the reference images.
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image, Figures 4-6 offer snapshots of the source wavefield, the receiver wavefield, and a crosscorrelation of the two wavefields. Figure 4 shows the reference results computed by using acoustic RTM for comparison. The source wavefield is extrapolated by acoustic modeling. The data to be migrated are flipped in time and then back-propagated using the same acoustic modeling to generate the receiver wavefield. Snapshots are made at (Figure 4a ) 0.1, (Figure 4b ) 0.2, and (Figure 4c ) 0.3 s. And then, we perform acoustic RTM using the viscoacoustic data. Figure 5 shows the noncompensated results. Note that the source wavefield is comparable to the reference ones. However, the receiver wavefield generated from back-propagating viscoacoustic data apparently shows reduced wave amplitude; thus overall, the resulting images at three time slices are underestimated. Next, we tested Q-RTM using the same viscoacoustic data. We compensated for the amplitude loss and phase dispersion in the source and receiver wavefields. Figure 6 shows the result: The amplitude of the source wavefield is amplified as waves propagate forward with higher amplitudes than those in Figures 4 and 5. However, the receiver wavefield is still weaker than the reference due to incomplete compensation. Interestingly, such a balanced-attenuation compensation procedure leads to the crosscorrelated Q-RTM images (third column in Figure 6 ) that have comparable amplitude to the corresponding reference images (third column in Figure 4 ). Figure 7 shows the final migrated images, which include reference (Figure 7a ), noncompensated (Figure 7b ), compensated-I (Figure 7c) , and compensated-II (Figure 7d) results. There is a noticeable phase shift and reduced reflector amplitude in Figure 7b compared with the reference image in Figure 7a . After compensation in Q-RTM, the reflector in Figure 7c has a corrected phase and recovered amplitude. In this case, the viscoacoustic synthetic data are calculated by extrapolating the source wavefield using equation 9. Without loss of generality, we also migrated the second viscoacoustic data set, which is computed by the viscoacoustic wave equation based on the standard linear solid model (Zhu et al., 2013) . Figure 7d shows the migrated image, which is similar to that in Figure 7c . The corrected amplitude and phase are also observed in the right panel of each subfigure. In summary, this example illustrates that the proposed Q-RTM approach is effective in compensating for the amplitude loss and phase shift caused by the anelastic properties of rocks in the field.
To demonstrate why it is critical to leave the sign of the phase dispersion operator unchanged, we reran the Q-RTM, reversing the sign of the phase dispersion operator when extrapolating source and receiver wavefields, i.e., β 1 ¼ −1 and β 2 ¼ −1 in equation 9. Figure 8 shows the resulting image. Neither amplitude nor phase are correct (also see the comparison of traces at the horizontal 1000 m). The few artifacts above the reflectors are due to incorrect phase of both wavefields.
In the second example, we consider a realistic attenuation model. Figure 9 shows the velocity model (a section of the BP model; Billette and Brandsberg-Dahl, 2004) and the corresponding Q model. The central-top low-velocity and high-attenuation zone is typically caused by the presence of a gas chimney. The constant density is 2.2 g∕cm 3 . The size of the model is a 161 × 398 grid, with a grid spacing of dx ¼ dz ¼ 12.5 m. As in the previous example, we use 20 grids PML absorbing boundary in the four sides to eliminate edge reflections. We have 40 sources, with each source being a Ricker wavelet with a center frequency of 20 Hz. The time Figure 7a shows the reference trace (solid line) at the horizontal 1000 m. For the rest of subfigures, the right panel shows its corresponding trace (dashed line) and the reference trace (solid line) at the horizontal 1000 m. All images have the same scale. We found that reduced amplitude and noticeable phase shift occur in (b) compared to the reference image (a). Two compensated cases agree with the reference image very well, whereas compensated-II has a little error from the reference one.
step is 1 ms. The shot interval is 125 m, distributed laterally from 12.5 to 4887.5 m, whereas the receiver spacing is 12.5 m with a total of 396 receivers from 25 to 4962.5 m. Sources and receivers are located at a depth of 125 m.
First, we generated two synthetic data sets -acoustic (Q ¼ ∞) and viscoacoustic. They were calculated using a time-domain forward modeling scheme, where the effect of absorption is included by using a standard linear solid model for the loss mechanism (Zhu et al., 2013) . We used a staggered-grid Fourier pseudospectral approach to calculate the spatial derivative and a staggered-grid finitedifference method to solve the time derivative. Figure 10b displays the viscoacoustic data, and Figure 10a shows the acoustic data. The shot location is at a distance of 1000 m. The loss in frequency content with time is obvious for the viscoacoustic data from Figure 10c . Then, the direct wave was muted.
We performed four RTMs, including acoustic RTM with acoustic data (reference case), acoustic RTM with viscoacoustic data (noncompensated case), and two Q-RTMs with viscoacoustic data (compensated cases). During RTM, the source and receiver wavefields are saved every two time steps to reduce computer storage. Smoothed velocity and attenuation models are used for extrapolating the source and receiver wavefields. Note that the unrelaxed (i.e., elastic) velocity is defined at high frequency (we chose 1500 Hz) for the standard linear solid model and the constant-Q model (Zhu et al., 2013) . Also, the low-pass Tukey filter is chosen for suppressing the amplification of noise during attenuation compensation. To estimate a suitable filter cutoff frequency, we examined the power spectrum of the measured data and identified a value based on the noise level of spectrum of the observed data in Figure 10c . We tested two cutoff frequencies 120 and 70 Hz with taper 0.5 to regularize the increasing in amplitude.
In Figure 11a , as a reference image, the anticline structure below the high-attenuation gas chimney (approximately below 800 m depth) is clearly seen. In the noncompensated case in Figure 11b , the interfaces are blurred and indistinguishable below the gas chimney zone. The anticline structure disappears. In the first compensated case (Figure 11c ), using the filter with the cutoff frequency of 120 Hz, the top of anticline below the gas chimney zone appears to be better illuminated. The image resolution of the complex thin layer inside the gas chimney zone is improved. The enlarged images in Figure 12 also verify these observations. Moreover, it is remarkable that the phase and amplitude after compensation in Figure 12c are similar to those of the reference image in Figure 12a . Figure 13 shows comparisons of three traces of Figure 12 at lateral distances 2400, 2800, and 3100 m. The noncompensated traces have a shifted phase and lack of illumination of reflectors. In contrast, the compensated trace (dashed black line) is sharper (i.e., higher resolution) and more correct in phase compared to the reference one (solid line). Unfortunately, compensated traces still have mismatches of phase shift in the deeper reflectors. We found that the migration image of synthetic data based on the constant-Q model do not have such a phase shift (not shown) because of the differences between attenuation models used to generate synthetic data (based on the standard linear solid) and that used for Q-RTM (based on constant-Q).
In general, using a higher cutoff frequency for the filter in the imaging procedure produces a higher resolution image of the model (Figure 12c ). However, it is more practical to use a lower cutoff frequency for imaging, particularly for real data because of the low signal-to-noise ratio. We can see that even with a lower cutoff frequency (70 Hz in Figure 12d ), this method of attenuation compensation during migration still improves the resulting images compared to the images without compensation.
Most of the computational effort of Q-RTM is spent on extrapolating the source and receiver wavefields. In the above test, Q-RTM took approximately 4140 s and acoustic RTM took 
DISCUSSION
In the previous sections, we present a Q-RTM approach to improve the image resolution by mitigating attenuation effects. We show that the Q-RTM images are obtained by applying the crosscorrelation imaging condition. Note that the crosscorrelated Q-RTM image has no physical interpretation as a reflection coefficient. To produce the Q-RTM image that has the physically correct reflection coefficient, we can use the receiver-source ratio imaging condition or the source-normalized crosscorrelation imaging condition (Claerbout, 1971; Chattopadhyay and McMechan, 2008) . With these new imaging conditions, the source wavefield will be attenuated rather than compensated (Deng and McMechan, 2007) . The resulting image from the attenuated source wavefield and the compensated receiver wavefield will be quantitatively interpreted as the reflection coefficient and qualitatively equivalent to the final image in this paper.
Besides improving the image resolution in a single seismic processing, this Q-RTM approach could also be valuable for the time-lapse seismic data to image/invert "true" reservoir changes. For example, in some situations, attenuation is more sensitive to gas accumulation (i.e., gas saturation) than velocity is (Dvorkin and Mavko, 2006) . The time-lapse changes in the conventional RTM image might be invisible due to small velocity changes (kinematics) but could be detected from the amplitude changes between "true" amplitude time-lapse migrated images. Similarly, the timelapse migration Q analysis may also be performed to minimize the time-lapse image difference between the baseline image and the attenuation-compensated monitoring image for seeking an optimal Q difference model that is caused by "true" reservoir changes.
The implementation flow of Q-RTM is the same as that of the acoustic RTM, so that it requires little effort to insert the new Q-RTM modeling engine into the conventional framework of acoustic RTM. However, the implementation of Q-RTM requires approximately 23% more computational time than acoustic RTM does. Note that most of the increased computational expense of Q-RTM is spent on simulating forward and backward viscoacoustic wave propagation. The computational costs of Q-RTM could be reduced by improving the speed of the forward modeling code in modern clusters.
CONCLUSIONS
We have presented a methodology of Q-RTM that is able to mitigate attenuation and dispersion effects in the migrated images. The Q-RTM approach should compensate for amplitude attenuation and phase dispersion in the source and receiver wavefields when using the zero-lag crosscorrelation imaging condition. Also, its flexibility makes it possible to choose other imaging conditions to obtain the Q-RTM image. Source and receiver wavefields are extrapolated using a two-way time-domain viscoacoustic wave equation. Because this equation separates loss-dominated and dispersion-dominated operators in the Q-RTM implementation, we have shown that those corresponding compensated operators are correctly constructed by reversing the sign of the attenuation operator and leaving the sign of the dispersion operator unchanged, respectively. In addition, we used a suitable low-pass filter for the attenuation and dispersion operators not only to stabilize this compensating procedure but also to maximally improve the resolution of images compared to the images without compensation. We have also demonstrated that the Q-RTM images are theoretically immune to attenuation and dispersion effects. Numerical results further verify that this Q-RTM approach can effectively improve the resolution and quality of image, particularly beneath high-attenuation zones.
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